The proU operon of Escherichia coli encodes a high-affinity glycine betaine transport system which is osmotically inducible and enables the organism to recover from the deleterious effects of hyperosmotic shock. Regulation occurs at the transcriptional level. KMnO4 footprinting showed that the preponderance of transcription initiated at a single primary promoter region and thatproU transcription activation did not occur differentially at alternate promoters in response to various levels of salt shock. Mutational analysis confirmed the location of the primary promoter and identified an extended -10 region required for promoter activity.
found to be allelic to osmZ altered the expression of several other unlinked genes. A mutation in drdX derepressed temperature-regulated pap pilus synthesis (16) , one atpilG altered the frequency of fimA phase variation (22, 53) , one at bglY derepressed the bglCSB operon (10, 22) and one in the cur locus affected the metastable flu gene, altering surface properties and colony morphology (11) .
The position of the proU transcriptional start site has remained somewhat ambiguous because of the differing results among the several independent groups who have mapped the 5' end of proU mRNA (9, 18, 30, 31, 54) . Position 628 (18) is thought to be the main initiation site, but additional promoters have been suggested, centered at positions 474 and 438. In addition, regulatory elements 3' and 5' to the proposed start site have been identified (9, 30, 35) . A downstream negative regulatory element extends into the first structural gene, proV (9) . Approximately 10-fold deregulation of a proU-lacZ fusion occurred under low-osmolarity conditions when this downstream element was deleted. proU of Salmonella typhimurium also has a similar downstream negative-acting sequence (35) . A 200-bp segment of DNA upstream of the start site at position 628 seemed to affect gene expression positively and was necessary for maximal osmotic induction of proU in E. coli (30) . For this study, we concentrated on the properties of the proU minimal promoter and assessed its contribution to osmotic signaling.
MATERIALS AND METHODS
Bacterial strains. E. coli strains are listed in Table 1 . All strains containing lacZ fusions were derivatives of MC4100, except JM1701 and AP575, which were derived from W4680.
In vitro KMnO4 footprinting. In vitro footprinting procedures were based on those previously described (37, 46) . One microgram of either pBP33U (proUXmnI fragment containing DNA from positions 377 to 786) or p,Bla5 (bla) was incubated with 2.7 mM ATP, 1 mM GTP, 0.7 mM CTP, and 1.4 proU mutagenesis. The protocol used for obtaining mutations in the proU promoter region was a modification of that described by Kunkel (26) . Klenow enzyme was substituted for T4 DNA polymerase to circumvent difficulties in polymerization due to DNA secondary structure, and single-stranded DNA was isolated with the pTZ vector system (U.S. Biochemical Corp.).
Two oligonucleotide primers for creating base substitutions were synthesized by the University of California Davis DNA Synthesis Laboratory. The oligonucleotide 5'-TTCTCagTaT gTTagggTagaaaaaagTgaCTaTTTlCC-3' contained 94% of the correct nucleotide and 2% of each of the other three nucleotides at all adenine and guanine residues shown in lowercase. This 38-mer with 20 internal positions substituted was designed to create base substitutions in the -10 and poly(A) regions of the proU promoter. The oligonucleotide 5'-GCCTCAGAttct cAGtAtGttAGGGTAG-3' contained 97% of the correct nucleotides and 1 % of each of the other three nucleotides at the thymine and cytosine residues in lowercase. This 28-mer, with substitutions at nine positions, was designed to create proU spacer mutations. Both oligonucleotide primers were used with the parent plasmid pBP35CM; single-stranded DNA was isolated and sequenced to screen for mutations in the promoter region. The sequences of a representative set of the mutant plasmids are shown in Table 2 .
Media and growth conditions. M9 minimal medium was supplemented with 0.2% glucose and 1 pLg of thiamine per ml. (18) . TheproP promoter is putative (8) . For theproU in vitro footprinting analysis, residues modified by KMnO4 within regions of single strandedness (i.e., open complex) are in boldface. The boldface T residue is an actual site of modification, whereas boldface A residues represent modified complementary bases.' also isolated for mutagenesis. The EcoRI-PstI fragment from pBP32 containing this region (38) was ligated into pTZ19U to form pBP35U. An 800-bp Sall-Sall promoterless CAT reporter gene (Pharmacia) was then ligated downstream ofproU to form pBP35CM. Recombinant plasmids were screened for the correct orientation of the CAT cartridge on Luria-Bertani medium containing chloramphenicol after transforming into JM1o1.
For constructing single-copy transcriptional lacZ fusions, proU, bla, lacUV5, and proP promoter fragments were initially cloned into either the pRS550 or pRS551 expression vector (50) and transformed into E. coli DH5o. Strain JM1700 contains the entire 1,700-bp proU fragment from pBP1 (39) ligated into pRS551 at EcoRI and BamHI sites. JM409 was constructed by directionally cloning the 409-bp XmnI proU fragment from pBP33U (37) into pRS551 with EcoRI and BamHI. To construct JM90 and JM2000, a 90-bp SspI-TaqI proU fragment (positions 565 to 655) and a 2,000-bp BamHISspI proP fragment from pDC15 (8) were cloned into an intermediate vector, pTZ18U, prior to cloning into pRS550.
For constructing strain JM28, the bla promoter fragment, originally from pBR322, was obtained from p,Bla5 (37) by isolating a 750-bp EcoRI-SphI fragment. It was then ligated into pDY5B (pRS551 containing a portion of the multiple cloning region from pTZ18U, including the SphI site), which was also digested with EcoRI and SphI. In order to obtain a single-copy chromosomal fusion of the lacUV5 promoter (43), we cloned the fragment from pRS475 (50), which does not have a 5' flanking kanamycin resistance gene for homologous recombination, into pRS551, which does possess this marker. The lacUV5 fragment was isolated and then cloned into the recipient vector by digestion with EcoRI and EcoRV. Preliminary assays to confirm lacUV5 constructs prior to genetic manipulations were performed in the RS6177 background (50) , which possesses an episomal lacIq to achieve full repression of multicopy fusions. All plasmid constructs were verified by restriction enzyme digest, and in addition, the plasmid constructs containing the 90-bp proU and lacUV5 fragments were verified by DNA sequencing. The universal primer supplied by the manufacturer (U.S. Biochemical Corp.) was utilized for double-stranded sequencing of all recombinant plasmids because it annealed to the 5' region of lacZ, which is contained within the pTZ18U, pRS550, and pRS551 parent plasmids.
Genetic procedures. proU, bla, lacUV5, and proP promoter fragments fused to lacZ reporter genes in the multicopy constructs described above were transferred to the E. coli chromosome in single copy by transformation of linearized plasmid DNA into the recD host TE2680 (14) . All plasmids were linearized with XhoI, except pJM2000, which was linearized with Scal.
To ensure that we indeed had single-copy chromosomal fusions of each of the promoter fragments, we transduced the proU, proP, and bla fusions contained within the trp operon into MC4100 by using the phage Plvir (49) . The lacU5-lacZ construct in JM575 was created by transducing the TE2680 chromosomal fusion into W4680, which contains a wild-type lacI for normal repression and an internal lacZ deletion (47) .
The 1,700-bp proU fragment from the proU fusion on the TE2680 chromosome was also transduced into W4680 to produce JM1701. Where 30 ,uM dithiothreitol). Cell pellets were resuspended in cold TDTT, sonicated, and microcentrifuged, and the supernatant was transferred to a clean tube. CAT assays were performed with the crude extracts as previously described (48) . CAT (4, 51) . Templates were then modified with KMnO4, which preferentially forms thymine glycols on single-stranded DNA (21) . After the DNA was modified, it was purified and a vector-directed primer was annealed and extended with the Klenow fragment of DNA polymerase I. The Klenow fragment is able to insert a base across from the modified residue but is unable to continue DNA synthesis beyond the point of modification (7, 23) .
Extension products are visualized on a sequencing gel, and the 3' sites of primer extension termination appear as hyperreactive bands. These bands identify a transcription bubble, or open complex, and thus correspond to a region where transcription is initiated.
On the noncoding strand, there were strongly hyperreactive bands at adenine residues 617, 622, and 624, corresponding to positions -11, -6, and -4, respectively, of the transcriptional start site at position 628 (Fig. 1A and Table 2 ). Analysis of the coding strand resulted in a weak band at the adenine residue at position 631, which corresponded to the +4 position (data not shown). A faint signal at position 650 (Fig. 1A) Locating important residues in the proU promoter. To test whether specific bases within the primary promoter region were responsible for osmotic inducibility, we mutagenized the 409-bp XmnI proU promoter fragment containing DNA from position -251 to position + 158, fused to a promoterless CAT reporter gene (pBP35CM). The 409-bp construct was derepressed about 10-fold at low osmolarity, probably because of deletion of the downstream negative regulatory element, but can be osmotically induced to the same maximum level as a wild-type 1,700-bp fusion. A large number of proU promoter mutations were created simultaneously by dirty bottle mutagenesis. Primers for constructing mutagenized promoter fragments were synthesized by incorporating a low percentage of each incorrect nucleotide at designated positions. All potential mutants were sequenced so that we could identify the mutations which did not affect expression as well as those with an altered phenotype.
Mutations that abolished expression identified residues important for transcription and confirmed the identification of this region as the primary promoter. A T-to-G transversion at position -12 in pRB424, moving the -10 sequence further from consensus, reduced reporter gene activity to the level of a control plasmid, pCM1, carrying a promoterless CAT gene (Table 2) . Single base substitutions replacing the G at position -14 within the spacer region (pRB115, pRB429) also abolished expression, indicating that no upstream promoter contributed significantly to the activity. The flanking nucleotides at positions -13 (pRB415) and -15 (pRB446) were important for achieving maximalproU expression. Substitutions of the TT sequence at positions -23 and -24 also reduced activity, while a mutation at position -20 (pRB453) had little or no effect. These data indicate that specific nucleotide sequences between the -10 and -35 regions are important for promoter function. Mutations in the poly(A) region between the -10 region and the transcription initiation site either had no effect on gene expression or increased overall expression up to twofold (data not shown). The mutant analysis shows that a specific nucleotide sequence in the spacer region is required to obtain VOL. 176, 1994 on optimum transcriptional activity. However, many of the mutants with reduced activity are still osmotically inducible.
Contribution of the minimal proU promoter to osmotic induction. Deletion analyses performed in other laboratories (9, 30, 35) identified regulatory elements 5' and 3' to the promoter region. To isolate the proU promoter in the absence of both upstream and downstream regulatory sequences, we constructed progressively smaller promoter fragments by utilizing convenient restriction enzyme cleavage sites. The 1,700-bp proU fragment in JM1700 contains all regulatory regions, since it is fully inducible in vivo. Approximately 30-fold induction was achieved 60 min after the addition of 0.3 M NaCl (Fig. 2A) ; by overnight., assay, the induction was 60-fold (Table 3) , consistent with our previous results for single-copyproU-lacZ transcriptional fusions (2) . Strain JM90 contains only the 90 bp from residue -63 to residue +27. This minimal promoter showed low-level constitutive expression with a specific activity of 500 nmol min-1 mg-1, approximately threefold greater than the fully repressed baseline activity of the 1,700-bp fragment. The 90-bp promoter was not significantly osmotically inducible (Fig. 2B) . The slight apparent increase in specific activity in Fig. 2B was simply due to reduced protein synthesis in the salt-stressed cells and did not correspond to an actual increase in transcription (Fig. 3A) .
The constitutive expression from the minimal promoter fusion was, however, resistant to inhibition by salt shock, since the P-galactosidase activity per minute per milliliter of culture increased at the same rate in the standard or salt-stressed medium (Fig. 3A) . In comparison, synthesis of ,-galactosidase activity directed from the bla and lacUV5 promoters was significantly reduced by high medium osmolarity in vivo ( Fig.  3B and C) .
Does osmZ specifically repressproU? Mutations in the osmZ locus, which encodes the DNA-binding protein H-NS, deregulate proU expression under noninducing conditions by approximately 3-to 10-fold (1, 22) . We sought to define a region of proU necessary for H-NS action by exploiting the proU promoter fragment constructs.
Introduction of the osmZ205::TnJO mutation into the strain carrying the 1,700-bp proU-lacZ fusion resulted in an increase in expression from 66 to 476 U under low-osmolarity conditions, about sevenfold deregulation (Table 3 ). The osmZ205::TnlO mutation caused only a small increase in basal activity of the 409-bpproU construct in JM409, from 623 to 729 U. The uninduced activity from the 90-bp promoter was also minimally affected by mutation in osmZ. Therefore, the majority of repression by H-NS was mediated through sequences outside those in the 409-bp promoter fragment (positions -251 to + 158) and was not due to direct interaction at the promoter. The specificity of H-NS repression ofproU is further demonstrated by the absence of any derepression of the bla or proP promoters by osmZ. An additional pleiotropic effect of the osmZ mutation was to reduce the maximal level of expression of all genes tested. 
DISCUSSION
Because of its strong induction in response to a single osmotic signal, proU is the archetypical osmoregulated gene of E. coli and is therefore an important model system for understanding the mechanism of osmoregulation. In this study, we dissected out the minimal promoter and examined its contribution to the osmotic response.
In vitro KMnO4 footprinting of theproU promoter identified a single region of strong open complex formation, corresponding to a start site at position 628, active at all concentrations of K+ glutamate. Increasing K+ glutamate mimics the in vivo consequences of high external osmolarity. Our mutational analysis strengthened this promoter identification since some mutations in this region essentially abolished proU transcription. On the basis of previous observations (31, 57) , our KMnO4 footprinting analysis, and the homology of the proU promoter to that of galP1 (see below), we designated nucleotide 628 (18) as +1.
We searched by dirty bottle mutagenesis for residues within the proU promoter which might be responsible for activating transcription in response to osmotic stress. The G at position -14 was essential for promoter activity. Substitution of the T residues at the -13, -15, -23, and -24 positions substantially reduced expression. The nucleotides at positions -14, -15, -23, and -24 are conserved within the putative promoter of proP, another gene that is stimulated by hyperosmotic conditions. The entire promoter region ofproP shows a high degree of homology with proU (Table 2) , reinforcing the idea that these residues are important for maintaining transcriptional activity during osmotic stress.
The proU promoter also has significant homology to galPl (20) . The TG motif at positions -15 and -14 has been shown to compensate for an inadequate or absent -35 region at altered APRE and galPi promoters (6, 24, 25) . The dramatic reductions in activity associated with mutations at these positions in proU are similar in magnitude to those in XPRE and galPi and emphasize their importance for promoter activity. These positions are part of a proposed consensus sequence for an extended -10 region (5'-yntnTGyTATAAT-3') (25) . The requirement for a pyrimidine at position -13 of the extended -10 consensus was confirmed by a T-to-G substitution which reduced proU-CAT expression in vivo by 70% ( Table 2 ). The 1T sequence at positions -24 and -23 of proU may be analogous to the Ti sequence of galPI at positions -22 and -21, which, while not essential, is necessary for maximal expression (6) . A proposed function of extended -10 regions is to strengthen RNA polymerase interactions with E. coli promoters (25) . The proU -35 sequence TTGCCT matches the consensus sequence TTGACA at four of six positions. However, the proU -10 sequence TAGGGT shows only 50% homology to the canonical -10 sequence TATAAT. In the case of proU, the extended -10 region may compensate for a poor -10 region or may affordproU resistance to the less-thanoptimal binding conditions created by the influx of K+ ions during hyperosmotic shock. The designation of the bases between the -10 and -35 hexamers as spacers, implying that their only role is to properly separate the -10 and -35 hexamers, now seems inappropriate because of the mounting evidence for sequence specificity in this region.
Our goal in constructing a minimal proU promoter was to test its contribution to osmotically signaled transcription activation. Surprisingly, the 90-bpproU promoter in JM90 was not significantly osmotically inducible. How, then, are osmotic signals received? Previous deletion analyses have shown that no sequence upstream of position -251 is necessary for osmotic regulation or gene expression (9, 30) . Therefore, it is the removal of sequences 3' to position + 158 within the proV gene that derepresses gene expression about 10-fold in our 409-bp construct in JM409. This region must also be required for H-NS repression, since a mutation in hns, which derepresses the wild-type 1,700-bp construct by sevenfold, had little effect on the basal level of expression from JM409. This observation refines an earlier in vivo study that localized this downstream H-NS-sensitive element to the region between position + 123 and position +322 of the E. coli gene (9) . Both contradict findings with S. typhimurium proU in which a promoter construct lacking all DNA downstream from position +98 was nonetheless derepressed sevenfold by a mutation in H-NS (36) .
Direct binding of H-NS to a proU construct containing sequences from position -624 to position +208 has been demonstrated in vitro, with concomitant inhibition of transcription (57) . The finding that the fragment extending to position +208 is sensitive to H-NS inhibition and that our JM409 construction terminating at + 158 is essentially insensitive suggests that a target site for H-NS, leading to inhibition of gene expression at low osmolarity, is in the region between position + 158 and position +208. Consistent with this prediction, we find that extending the JM409 construct to position +209 results in about 30% more repression in low-osmolarity medium. The effect of a mutation in hns is also 30% greater for the larger fragment (data not shown). This 51-nucleotide segment is not an obvious candidate for bent DNA, which has been shown to selectively bind H-NS (56) . H-NS interaction with this region may therefore be more sequence specific, analogous to the sites upstream of the rcsA and dsrB promoters (17) , or require cooperative interactions with other DNA regions.
A model in which H-NS is released as a consequence of intracellular accumulation of K+ glutamate is consistent with the body of knowledge on protein-DNA interactions as a function of salt concentration. Both specific protein-DNA binding and nonspecific protein-DNA binding are inhibited by increased salt concentrations (40, 44) . During the purification of H-NS, it was observed that the protein could be dissociated from DNA by increasing the ionic strength to 500 mM NaCl, although it would coprecipitate with the DNA at a salt concentration of 140 mM (52) . The model has been directly tested in vitro by demonstrating that increased K+ salt concentration reversed H-NS inhibition ofproU transcription (57) .
On the other hand, the RNA polymerase-proU promoter interaction appears to be unusually resistant to high K+ concentrations, possibly because of additional protein-DNA interactions in the spacer region. The salt resistance allows for maximal expression of proU at K+ glutamate concentrations that inhibit expression from other promoters. Since the pool of RNA polymerase molecules is limited, inefficient binding to the majority of E. coli promoters under these physiological conditions would increase the fraction of polymerase molecules available to transcribe proU, contributing to activation of proU expression. The current data support a model in which the osmotic induction ofproU is achieved by the K+-governed relief of H-NS repression in combination with a promoter-RNA polymerase interaction which functions efficiently at high intracellular levels of K+.
